Abstract.-Systematists disagree whether data from fossils should be included in parsimony analyses. In a handful of well-documented cases, the addition of fossil data radically overturns a hypothesis of relationships based on extant taxa alone. Fossils can break up long branches and preserve character combinations closer in time to deep splitting events. However, fossils usually require more interpretation than extant taxa, introducing greater potential for spurious codings. Moreover, because fossils often have more "missing" codings, they are frequently accused of increasing numbers of MPTs, frustrating resolution and reducing support. Despite the controversy, remarkably little is known about the effects of fossils more generally. Here we provide the first systematic study, investigating empirically the behavior of fossil and extant taxa in 45 published morphological data sets. First-order jackknifing is used to determine the effects that each terminal has on inferred relationships, on the number of MPTs, and on CF and RI as measures of homoplasy. Bootstrap leaf stabilities provide a proxy for the contribution of individual taxa to the branch support in the rest of the tree. There is no significant difference in the impact of fossil versus extant taxa on relationships, numbers of MPTs, and CF or RI. However, adding individual fossil taxa is more likely to reduce the total branch support of the tree than adding extant taxa. This must be weighed against the superior taxon sampling afforded by including judiciously coded fossils, providing data from otherwise unsampled regions of the tree. We therefore recommend that investigators should include fossils, in the absence of compelling and case specific reasons for their exclusion. [Fossils; leaf stability; relationships; resolution; MPTs.] The vast majority, perhaps 99%, of all the species that have ever existed are extinct (Nee and May, 1997), and the living biota is a relatively well-studied but diminutive slice of this total diversity. The morphological gaps between extant species and between higher groups can at once be convenient, when our concern is utilitarian classification, and frustrating, when our attention turns to phylogeny (Wiens, 2006) . In general, the greater the morphological distance between an organism and other closely related living taxa, the more problems attend its phylogenetic placement (e.g., sea spiders [Dunlop and Arango, 2005] and turtles [Iwabe et al., 2005; Harris et al, 2007] ). Because fossils can sample lineages close in time to relatively deep splitting events, they may bridge problematic morphological gaps and display combinations of character states that are not found in the extant biota (Gauthier et al., 1988; Donoghue et al 
The vast majority, perhaps 99%, of all the species that have ever existed are extinct (Nee and May, 1997) , and the living biota is a relatively well-studied but diminutive slice of this total diversity. The morphological gaps between extant species and between higher groups can at once be convenient, when our concern is utilitarian classification, and frustrating, when our attention turns to phylogeny (Wiens, 2006) . In general, the greater the morphological distance between an organism and other closely related living taxa, the more problems attend its phylogenetic placement (e.g., sea spiders [Dunlop and Arango, 2005] and turtles [Iwabe et al., 2005; Harris et al, 2007] ). Because fossils can sample lineages close in time to relatively deep splitting events, they may bridge problematic morphological gaps and display combinations of character states that are not found in the extant biota (Gauthier et al., 1988; Donoghue et al., 1989; Santini and Tyler, 2004; Stockley et al., 2005; Wilson, 1992) , thereby subdividing long branches (Anderson, 2001; Poe, 2003; Wiens, 2005) and improving phylogenetic accuracy. They also offer a snapshot of morphologies that are temporally closer to the splitting of lineages (Novacek, 1992) , may actually introduce less homoplasy than their extant counterparts (Wagner, 1999) , and can alter radically inferences about character evolution and trends (Finarelli and Flynn, 2006) . Moreover, because our knowledge of the extant biota is better than our knowledge of the biota at any other point in history, new fossil finds are more likely to sample a hitherto unknown major branch of the tree of life than discoveries of additional living taxa. Very few living species first described in recent decades were thought to belong to hitherto unknown major groups (possibly equivalent to orders, classes or phyla) (e.g., Kristensen, 2002) , whereas this phenomenon has been much more common in paleontology (Briggs and Fortey, 2005) . Some systematists appear ambivalent or even hostile towards the inclusion and importance of fossils in phylogenetic analyses (Patterson, 1981; Ax, 1987) . Whereas living taxa can often be dissected and studied exhaustively (at least in principle), fossils are usually fragmentary and subject to variable preservation, often leading to substantial nonrandomly distributed "missing" or "uncertain" data (Wiens, 1998) . This can result in an increase in the number of optimal trees (Gauthier et al., 1988 ) and a concomitant decrease in the resolution of some consensus trees that can obscure which relationships are unambiguously supported by the parsimonious interpretation of the data from extant taxa alone (Wilkinson, 1995; Anderson, 2001) . A related issue is that the potentially greater relative instability of incompletely known fossil taxa can obscure the levels of support for inferred relationships estimated using, for example, bootstrapping and decay analysis (Wilkinson and Benton, 1996; Horovitz 1999; Wilkinson, 2003) . Nonetheless, recent simulation work demonstrates that analyses including taxa with abundant missing data can sometimes have better phylogenetic resolution than analyses excluding them (although including additional, more complete taxa can yield better resolution still) (Wiens, 2005 (Wiens, , 2006 . Critical, in this regard, is the nature and amount of data that are present, rather than the proportion that is missing. Another objection is that fossils often require greater and more uncertain interpretation. Fossils from the deepest radiations are among the most problematic, but frustratingly, often cited as the most pivotal (Conway Morris, 1993; Briggs and Fortey, 2005) . Many espouse their contribution as vital given the limited grip of sequence data on the oldest and most rapid radiations (Smith and Littlewood, 1994; Wills and Fortey, 2000; Rokas et al., 2003; Smith and Turner, 2005) . Although rare genomic changes are sufficiently conservative to preserve 754 SYSTEMATIC BIOLOGY VOL. 56 phylogenetic signals over hundreds of millions of years, they are typically too infrequent to capture numerous lineage splits in a short time. Only fossils can preserve past character states unchanged, irrespective of their rates of evolution. Others regard fossil data (and morphological data more generally [Scotland et al., 2003 ]) as being of lower "quality" (Nixon, 1996; Grande and Bemis, 1999; O'Leary, 1999) , offering a weak phylogenetic signal at the cost of too much interpretative noise (Patterson, 1981; Ax, 1987) .
Here, we present an empirical study of 45 published matrices comprising morphological data for both fossil and extant taxa. Using a variety of metrics, we measure the impact of fossil and of extant taxa upon inferred phylogenetic relationships by comparing the results of parsimony analyses of the full data with comprehensive analyses in which a single fossil or extant taxon is deleted from the data. We also use bootstrap leaf stabilites (Thorley and Wilkinson, 1999; Wilkinson, 2006) to compare the support for the placements of fossil and extant taxa. Our aim is to evaluate alternative perspectives on the importance of fossils using empirical data, and for each data set we seek to test a series of null hypotheses that fossils are no more or less significant or problematic for phylogenetic inference than are extant taxa. We demonstrate that, in several important respects, the behavior of fossil taxa in the majority of our 45 matrices is indistinguishable from that of their extant counterparts. As an empirical study, we do not address the issue of phylogenetic accuracy, which is unknowable in our case studies. This has been investigated elsewhere in a series of simulation studies (Wiens, 1998 (Wiens, , 2003a (Wiens, , 2003b (Wiens, , 2005 (Wiens, , 2006 . Rather, we focus on the impact of taxa.
MATERIAL AND METHODS

Data Sets and Parsimony Analyses
Forty-five morphological data matrices were sourced from the literature (Table 1) Novitates. We selected only matrices including both fossil and extant taxa, containing eight or more taxa in total, with at least three taxa in the smallest group (the minimum number capable of providing a statistically significant difference in their behaviors: Mann-Whitney test yields P = 0.037 where three fossil and five living taxa (or vice versa) are ranked with no overlap). We did not include "total evidence" data sets that combined morphological and molecular characters. Fossils in such matrices typically have many times more "missing data" than their extant counterparts. Data sets covered a range of tree sizes and ratios of fossil to extant taxa and contained fossils of all ages (Table 1) . Where multiple data sets from the same study group were available (e.g., Cetacea), we avoided those that were very obviously derivative of others. Matrices were retyped and reanalyzed to ensure that the same number of trees of the same length as originally reported could be reproduced. All character weights and orderings applied by the original authors were also implemented in this study. All parsimony analyses and calculations of tree-to-tree distances were performed with PAUP* 4.0bl0 (Swofford, 2002) . One hundred random addition sequences followed by TBR branch swapping were found to be effective in recovering the original MPTs, and these options were used in all subsequent analyses.
Taxon Deletion Impact on inferred relationships.-A central question is whether fossils are more or less likely than extant taxa to overturn relationships inferred in their absence. To test whether fossils and extant taxa differ in their impact upon relationships inferred for other taxa, we used a first-order taxon jackknife ( Fig. 1) , comparing the results of phylogenetic analyses with and without each taxon. Trees that differed only in the inclusion/exclusion of a single taxon were compared by pruning that taxon from the larger tree (i.e., the tree inferred from the full data). Where there were multiple trees after pruning, these were condensed to remove duplicates. To measure change in inferred relationships due to a given taxon we used (1) RF, the Robinson and Foulds (1981) tree-totree distance (= symmetric difference on full splits) and (2) D, the number of leaves pruned from the maximum agreement subtree (Finden and Gordon, 1985) . The two measures capture different aspects of differences in relationships in compared trees. Figure 2 illustrates a tree (the original) compared with three others that can be obtained by swapping two similarly sized branches on the original. In the first, the swap is between adjacent terminal taxa separated by just two internal nodes (close and shallow). In the second, the swap is again between single terminal taxa, but this time separated by six internal nodes (distant and shallow). In the third derivative, the swap is between relatively deep adjacent branches, separated by just two nodes (close and deep). The symmetrical difference distance considers derivatives 1 and 3 to be equally different from the original (RF = 2), despite the difference in depth. Derivative 2, by contrast, is considered much more different from the original (RF = 10), reflecting the number of nodes over which the swap is made. The maximum agreement subtree distance provides a very different signal, being sensitive to the size and depth of the branches being swapped, as well as distance, and being greatest for the deep swap (D = 3). This measure places greater emphasis on differences between major branches than the symmetrical-difference distance. The fourth alternative (distant and deep) is not readily illustrated on such small trees.
Most analyses yielded more than one MPT, necessitating measurement of the distance between two sets of trees. A crude measure of the distance between the two sets could be inferred by deriving a consensus tree for each set and calculating the distance between the pair of consensus trees. However, sets of MPTs that differ greatly from one another can yield identical consensus trees, and sets of MPTs that differ very little from one another can yield quite dissimilar consensus trees, depending upon the methods used. An alternative would be to measure the mean distance between every tree in one set and every tree in the other. Unfortunately, this has the disadvantage that two identical sets of trees will yield a mean distance closely approximate to the mean distance between all possible pairs of trees within each group (the within-group mean may be slightly greater than the between-group mean because the former does not include the distances between each tree and itselfall by definition zero-in the calculations). In order to derive a measure that is zero for two identical sets of MPTs, we have measured the mean distance between each tree in each group and its nearest neighbor (on each of the distance measures) in the other group (Fig. 3) .
Impact on numbers of trees and on resolution of the strict
consensus.-A second question is whether fossil or extant taxa are more likely to increase the number of MPTs. We used the first-order jackknife to test this directly by comparing numbers of MPTs inferred with and without each taxon. We also compared the latter to the number of distinct trees when the taxon is pruned from the MPTs for the full data, which allowed us to determine whether data from fossils or extant taxa are more likely to increase the number of most parsimonious interpretations of the interrelationships of taxa other than themselves. A closely related issue is the impact of taxa on the resolution of the strict consensus tree. The number of Trees without a given taxon, "X," are produced in two ways. The "Delete before search" route omits X before a parsimony analysis, and the resulting trees are the MPTs for the remaining taxa (MPTs set A). The "Prune after search" route prunes X after a parsimony analysis of all taxa (including X), condensing the trees to remove duplicates (Tree set B'). The number of trees in set B' will never exceed the number in set B. Differences between the two sets of trees (set A and set B') reflect the impact of X.
nodes in the strict consensus can be reduced to one even with just two fundamental trees. We first calculated the number of nodes in the strict consensus of MPTs found with the a priori first-order jackknifing of each taxon. We also compared each of these with the number of nodes in the corresponding strict consensus trees obtained after pruning each taxon from the set of MPTs for all taxa. Minimum distances between members of pruned and searched sets Searched "tree space" (12 trees) FIGURE 3. Measuring the mean of the minimum distances between each tree from the pruned analysis (small circles) and each tree from the searched analysis (crosses). The dotted, middle set represents the two sets of trees superimposed. Arrows run from trees unique to one set to the most similar tree in the other set. One tree can be the nearest neighbor of several others, one other, or no others. Some trees are mutual nearest neighbors (double-headed arrows). Identical trees in both sets are indicated by crossed circles. These are mutual nearest neighbors and contribute two distances of zero. The mean minimum distance is calculated by summing all of the minimum distances and dividing by the total number of taxa in both sets (i.e., 16 + 12 = 28). differences in the modified consistency index (CI') (i.e., excluding uninformative characters) (Kluge and Farris, 1969) and the retention index (RI) (Farris, 1989 ) when taxa are included or not as measures of the homoplasy introduced by a taxon.
To summarize the effects of jackknifing fossil and living taxa upon CI' values within a single data set, we first calculated the CI' when jackknifing each taxon via the searched route (one value for each taxon). These were compared with the mean CI' (there could be different values for each tree) when pruning each taxon (again, yielding one CI' value for each taxon). The mean CI' values from the pruned route were always less than or equal to those from the searched route (i.e., pruned trees were longer than or as long as the searched trees), and the difference between them provided an index of the impact of each taxon. Finally, we calculated the mean difference in index (impact) for fossil and living taxa (two values for each data set). In order to compare these values over all 45 data sets, we used binomial and Wilcoxon tests. A similar procedure was used for the RI.
Leaf Stability
Another concern regarding fossils is that their inclusion can result in low levels of support for otherwise wellsupported relationships (Wilkinson, 2003) . Most support measures (e.g., bootstrap proportions, decay indices, etc.), traditionally calculated for clades, can also be determined for other relationships such as triplets (three taxon statements/subtrees, such as "A and B are more closely related to each other than to C"). In rooted trees, the leaf stability (LS) (Thorley and Wilkinson, 1999; Thorley and Page, 2000; Wilkinson, 2006 ) of a taxon is the average of the support for the triplets including that taxon (Fig. 4) . The rationale is that stable taxa will contribute The majority-rule consensus tree of the five trees in a is fully resolved, with two nodes present in 60% of the fundamentals, (c) Maximal bootstrap support (BS) for each triplet of taxa is the highest frequency of occurence of any resolution of the triplet (three-taxon statements) in the bootstrap trees and can be calculated from the trees in a for every triplet. The corresponding leaf stability for a given taxon is calculated as the mean BS for all of the triplets containing that taxon. to well-supported triplets. Taxa with lower leaf stabilities are more likely to impact negatively upon apparent support. Thus we can use leaf stabilities to measure directly the extent to which relationships of a given fossil or extant taxon to the other taxa are well supported, and use this as a proxy for the likely impact on apparent support. Here we used bootstrapping to assess support and the bootstrap maximum (the highest bootstrap support value for any resolution of a triplet) as the measure of triplet support. Bootstrapping can be prohibitively time consuming for larger, "noisy" matrices, and we implemented two compromise search strategies here. The first used rather "dirty" heuristics: closest addition, retaining just one tree at each step, with MulTrees deactivated, but with 10,000 bootstrap replicates. The second used 100 random additions, followed by TBR branch swapping retaining just one tree at each step and with MulTrees deactivated. Just 200 bootstrap replicates were made. RadCon (Thorley and Page, 2000) was used to calculate leaf stabilities from the bootstrap treefiles. In practice, processing limitations of our version of RadCon prohibited calculating leaf stability values for 9 of our 45 data sets, and no values are available for those data sets as a result (indicated with an asterisk in online Appendix 1, http: / / www.systematicbiology.org).
Detecting Differences between the Impact of Fossil and Living Taxa
The absolute impact of adding/removing a taxon depends upon the rest of the data (Kearney, 2002) . Hence, the number of taxa, the number of characters, the distribution of character states and the topologies of the MPTs can all influence the probable magnitude of taxon deletion effects. Although it is not so straightforward to compare the effects of deleting taxa from different matrices, most of the confounding factors are controlled when comparing the effects of removing taxa from the same matrix. We tested for differences in the behavior of fossil and extant taxa within each data set using Mann-Whitney U tests. Differences in the impact of fossil and extant taxa over all data sets (a single hypothesis for each measure) were tested by first calculating mean values for fossil and extant taxa in each data set (45 pairs of values, except for leaf stability). The null hypotheses of no difference in the impact of the two groups were then tested using both binomial (assuming equal numbers of data sets with higher means for fossils or for extant taxa) and Wilcoxon tests on matched pairs.
Are Living and Fossil Taxa Sampled Differently?
Phylogenetic analyses rarely include all available species of a particular clade, and workers must make subjective decisions regarding the selection and coding of taxa. Even when phylogenies are "complete" (including all known species descended from some ancestor), records of living species might be expected to sample true extant diversity better than the fossil record samples true extinct diversity. The environmental conditions necessary for fossilization are extremely uncommon, so that the number of fossils from any group is probably vanishingly small relative to the total number of individuals that existed within it. Species containing many individuals with mineralized hard parts, and living in environments susceptible to rapid sedimentation and burial are those most likely to have left fossils. Such characteristics are very often clade specific (e.g., bivalve mollusks, trilobites) such that some groups are likely to be sampled better than others, and many clades will leave little or no record (e.g., most meiofaunal phyla [Fortey et al, 1996] ). These differences in sampling suggest that extant taxa may often have more similar codings or be phenetically closer on average to their nearest neighbors than fossils. However, because "complete" sampling is impractical when investigating large clades and deep relationships, many workers select a rarefied set of terminals in a manner designed to capture the maximum range of morphological variation. This may entail including a subsample of living taxa alongside all of the fossil data. Taxa may be selected as putatively plesiomorphic or "typical" exemplars from their parent group (e.g., one species from each genus or family), or putative monophyla (genera, species, or higher taxa in some cases) can be coded as a whole, sometimes using polymorphic codings. The coding of inferred groundplans is also possible. Insofar as the original taxonomy provides a very approximate guide to morphological diversity, all of these sampling schemes are defensible at some level. Whatever the approach, however, the relative scarcity of fossil taxa means that they cannot be sampled as densely as it is possible to sample extant forms. However, this does not imply that living taxa are necessarily sampled more densely than fossils in particular cases.
These sampling differences may have implications for the probable impact of a given taxon on the global phylogeny. Take the hypothetical case where two species share identical codings for all characters in a matrix. Deleting either one of these alone cannot affect MPT length or relationships, because the other taxon behaves identically in all respects (Wilkinson, 1995) . Moreover, if both taxa belong to the same group (fossil or extant), there are two taxa in one group whose removal appears to have no impact. Removing both taxa simultaneously might have a huge impact on both relationships and length, but this is never revealed by a first-order jackknife. More generally, other things being equal, the more similar the codings for two taxa, the less likely the removal of either will influence topology or length. Thus, if differences in the sampling of fossils and extant taxa make it more likely that members of one group (fossils or extant taxa) have more similar "nearest neighbors," this could result in bias. For example, studies that were initiated with fossil or extant taxa may contain only a token selection of representatives of the other group. Alternatively, studies of a large crown group may code just a selection of exemplars (e.g., one from each subclass) but all of the fossil species where these are few in number. To investigate possible differences between fossil and extant taxa, we measured the minimum character state distance (corrected for missing entries) between each taxon and the taxon most similar to it (its nearest neighbor), irrespective of group (fossil or extant). Although it is not possible to control for all preservational and sampling biases, to the extent that our study asks questions concerning the impact of taxa in published matrices, such differences may be integral to the nature of fossil and extant taxa as commonly conceived and implemented.
RESULTS AND DISCUSSION
Fossil and Extant Taxa Have a Similar Impact on Inferred Relationships
The majority of the data matrices (39 from 45) showed no significant difference in the impact of fossil and extant taxa on either RF or D measures (Table 1) . Two data sets showed a significantly greater impact for extant taxa according to the Mann-Whitney tests: "Jurassic lizards" (Evans and Chure, 1998) (P = 0.009 using RF,P = 0.014 using D) and "Cetacea 2" (Kimura and Ozawa, 2002) (P = 0.036 using RF and D). Four data sets showed a significantly greater impact for fossil taxa: "snakes 2" (Lee and Scanlon, 2002 ) (P = 0.022 using RF and D), "Microcavi" (Ubilla et al., 1999 ) (P = 0.043 using D), "Cretaceous teiids" (Nydam and Cifelli, 2002 ) (P = 0.011 using D), and "hedgehogs" (P = 0.001 using RF, P = 0.000 using D). If significant and nonsignificant differences are considered, there were 22 data sets where the extant taxa had a mean RF greater than the fossils, and 20 data sets where the reverse was true (binomial test, indistinguishable from random with P = 0.439). There were three cases of draws. Using D, there are 21 cases where extant taxa had the higher mean impact, 21 cases where fossil taxa had higher mean impact, and three cases of draws. Over all 45 data sets, Wilcoxon tests indicated that the mean impact of fossil and living taxa was not significantly different, whether using the RF (P = 0.438) or D (P = 0.349).
Within particular data sets, individual taxa often have a particularly strong effect on relationships, despite a nonsignificant difference between the impact of fossil and extant taxa overall. For example, within the edentates matrix (Gaudin, 1995) , omission of the fossil Megalonyx resulted in a mean RF value of 12.0 (Fig. 5) . This is much greater than the next highest ranked, the living a) (Gaudin, 1995) . (a) Pruned tree. Data set analyzed with Megalonyx included, yielding one MPT, and illustrated with that taxon pruned. Location of Megalonyx in the original tree is indicated by the dotted arrow, (b) Searched tree. Data set analyzed with Megalonyx omitted, again yielding a single MPT. Branches unique to the pruned and searched trees are indicated by the symbol "®." The symmetrical-difference distance between the topologies in a and b is given simply by the sum of unique branches (RF = 12 in this case), (c) One of six maximum agreement subtrees that can be derived by combining the pruned and searched trees. Each contains 19 terminals from a possible 28. The maximum agreement subtree distance is given simply by the number of terminals omitted (D= 28 -19 = 9).
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Eremotherium, with a mean value of 3.6, although a MannWhitney U test for this matrix detected no significant difference between fossil and extant impacts overall.
Fossil and Extant Taxa Are Equally Likely to Increase Numbers of MPTs and Reduce Resolution of the Strict Consensus
The number of MPTs was marginally but not significantly more likely to be smaller when jackknifing fossil taxa compared with their extant counterparts. MannWhitney tests identified significant differences for just six from 45 matrices. These were "Carsosaurs" (P = 0.035), "Cetacea 2" (P = 0.030), "crown carnivores" (P = 0.006), "Phaerodus" (P = 0.021), "Jurassic lizards" (P = 0.015), and "snakes 1" (P = 0.011). In just two of these cases ("Cetacea 2" and "Jurassic lizards"), jackknifing extant taxa yielded fewer MPTs, on average, than jackknifing fossils. In the other four cases, the reverse was true. If significant and nonsignificant differences are considered, jackknifing extant taxa yielded fewer MPTs in 20 data sets, whereas jackknifing fossil taxa yielded fewer MPTs in 24 data sets (a nonsignificant difference, binomial test, P = 0.326). Finally, a Wilcoxon matched-pairs test on the mean number of MPTs produced when jackknifing fossil or extant taxa showed no significant difference (P = 0.852). Strict consensus resolution was also similar when jackknifing fossils compared with extant taxa. MannWhitney tests identified significant differences for just five from 45 matrices. For four of these, jackknifing fossils resulted in greater resolution. These were: "apternodus shrews" (P = 0.042), "crown carnivores" (P = 0.017), "Phaerodus" (P = 0.001), and "snakes 1" (P = 0.021). For one data set, Jurassic lizards, strict consensus resolution was better when jackknifing extant taxa (P = 0.030). Over all 45 data sets, the mean consensus resolution when jackknifing fossils was similar to that when jackknifing extant taxa (Wilcoxon matched-pairs test, P = 0.635).
Concerns that fossils might inflate numbers of MPTs and reduce consensus resolution therefore arise from particular case studies. A greater proportion of missing entries (Huelsenbeck, 1991) or a reduction in the absolute number of scored cells (Wiens, 2003a (Wiens, , 2003b in fossil taxa has usually been blamed. Wilkinson (1995) found substantially more missing entries in purely fossil than purely neontological data sets. Our sample of matrices confirmed the significantly greater abundance of missing data in fossil than in extant taxa for "mixed" data sets (means of 27.1% versus 4.0% missing entries) (Wilcoxon matched-pairs test across all data sets, P = 0.000). However, the extent to which missing entries promote instability depends on their distribution more than their absolute number (Wilkinson, 1995; Kearney and Clark, 2003; Wiens, 2003a Wiens, , 2003b Wiens, , 2006 . We investigated the relationship between amounts of missing data and MPT number by calculating Spearman's rank correlation between the per taxon percentage of missing data and the number of MPTs upon that taxon's deletion for each data set. None of our cladograms yielded P < 0.081, and correlation was weak in all cases. Simulations by Wiens (2003b) demonstrated that the important variable across data sets is number of nonmissing data cells, as opposed to the fraction of missing ones. However, within a given data set, the absolute number of characters is constant, and so the complement of the fraction of missing entries is proportional to the number of scored entries.
Our study did not primarily address the effects of missing data, which have been investigated much more directly and thoroughly elsewhere (Wilkinson, 1995 (Wilkinson, , 2003 Wiens, 1998 Wiens, , 2003a Wiens, , 2003b Wiens, , 2005 Wiens, , 2006 . Huelsenbeck (1991) , Wills and Fortey (2000) , and others advocate the inclusion of fossils chiefly because they sample extinct lineages from closer in time to key cladogenetic events. As such, we considered the amount of missing data to be a conflating variable. However, we did not set out to sample data sets in which the codings for fossils were relatively complete but rather to sample as many as we could find. The exclusion of "total evidence" data sets (combining morphology with molecules) from our sample limited the number and proportion of missing codings for fossils. Because the number of molecular characters typically greatly exceeds the number of morphological characters, fossils are often largely represented by missing entries in combined matrices. We note that the most fragmentary fossils are unlikely to have been included, or may never have been considered for inclusion, in published matrices.
Fossil and Extant Taxa Have a Similar Impact on Levels of Homoplasy
Seven of the 45 data sets showed a significant difference (Mann-Whitney tests) in the extent to which jacknifing fossil or extant taxa impacted upon the CF and/or RI (online Appendix 1, http://www.systematicbiology. org). In four of these seven cases, removing fossils caused more improvement in the CF and/or RI than removing extant taxa. These were "Cretaceous teiids" (P = 0.004 for CF), "Phaerodus" (P = 0.003 and 0.001 for CF and RI, respectively), "snakes 2" (P = 0.004 and 0.017), and "swans" (P = 0.012 for both CF and RI). In the remaining three data sets, the reverse was true: "Cetacea 2" (P = 0.009 and 0.014), "elasmobranchs" (P = 0.032 and 0.027), and "Jurassic lizards" (P = 0.003 and 0.005). Binomial and Wilcoxon tests over all 45 matrices indicated no significant differences (binomial, P = 0.082 and 0.215 for CF and RI, respectively; Wilcoxon, P = 0.401 and 0.857). Taken at face value, this indicates that fossil and extant taxa are equally likely to increase overall homoplasy.
Fossils May Be Less Stable Than Extant Taxa
Leaf stability results were very closely correlated between the two bootstrapping approaches (r s = 0.962, P = 0.000). Mann-Whitney tests detected no significant differences in the leaf stabilities of fossil and extant taxa in 27 of the 36 data sets investigated (online Appendix 1, www.systematicbiology.org). However, in all of the nine remaining cases ("armadillos," P = 0.037; "Cryptodira," P = 0.013; "dolichosaurs," P = 0.009; "elasmobranchs," P = 0.010; "Gonorynchiformes," P = 0.006; "hedgehogs," P = 0.001; "Ornithurae," P = 0.001; "snakes 2," P = 0.003; "teleosts," P = 0.006), extant taxa were significantly more stable than fossils (online Appendix 1, http://www.systematicbiology.org). If significant and nonsignificant differences are considered, there were 30 cases where extant taxa had a mean stability greater than fossils, and 6 cases where the reverse was true (a highly significant difference: binomial test, P = 0.000). Moreover, mean LS values for fossil and extant taxa over the 36 data sets indicated a highly significant difference (Wilcoxon matched-pairs test, P = 0.000). The inclusion of unstable taxa can reduce the support for otherwise well-supported relationships. Because fossils are more likely to be unstable, they are also more likely to reduce support in the rest of the tree. However, the degree of instability does not appear to be a simple function of the amount of missing data. Only one data set ("paddlefish") had a significant correlation between the leaf stability of taxa (whether fossil or extant) and their proportion of missing codings (r s = -0.70, P = 0.043).
Fossils Tend to Resolve Closer to the Roots Than Extant Taxa
Taxa might be expected to impact most strongly upon relationships close to their phylogenetic position. Taxa separated from the root by many nodes would be less likely to affect relationships among deep branches than taxa placed closer to the root. Fossils can resolve anywhere in a tree, but to the extent that the order of cladistic branching and stratigraphic order tend to correlate (Norell and Novacek, 1992; Benton et al., 1999; Wills, 1999; Wagner and Sidor, 2000) , older fossils are more likely to branch closer to the root than younger fossils or extant taxa. The precise positioning of fossils depends on the taxonomic scope of the study (e.g., even an early branching, plesiomorphic mammal will resolve many nodes up from the root in a tree of all tetrapods). The maximum agreement subtree distance (D) is sensitive to "deeper" changes in inferred relationships (Fig. 2) . Here the "height" of taxa in a majority-rule consensus of the original trees was approximated using both the patristic distance and the number of nodes between each ingroup taxon and the outgroup taxon closest to the ingroup (online Appendix 1, http://www.systematicbiology.org). There were significant differences in the height of fossil and extant taxa on one (or more usually, both) of these measures in 13 from 45 cases. Significant data sets using patristic (where one P-value is quoted) or patristic and nodal distances respectively (where two P-values values) were: "African endemic mammals," P = 0.005 and 0.001; "anurans," P = 0.006; "Birgeria," P = 0.008 and 0.037; "Cetacea 1," P = 0.034 and 0.024; "Cetacea 2," P = 0.012; "Cretaceous teiids," P = 0.001 and 0.011; "Crocodylia," P = 0.0006 and 0.011; "dolichosaurs," P = 0.030 and 0.018; "edentates," P = 0.010 and 0.009; "Gnoristinae," P = 0.018 and 0.011; "mammal origins," P = 0.011 and 0.009; "Ornithurae," P = 0.001 and 0.001; "snakes 2," P = 0.003. In all cases, the fossils were closer to the root than the extant taxa (although we note that taxa with greater amounts of missing data are likely to have shorter patristic distances in a parsimony framework). Across all 45 data sets, neither the mean patristic nor nodal distances for fossil and extant taxa were significantly different (Wilcoxon matched-pairs tests, P = 0.596 and P = 0.319, respectively). Despite the deeper placement of fossils in 13 data sets (coupled with the prediction that removing deeper branching taxa is more likely to impact on inferred relationships), in only 3 of these 13 matrices was there a significant difference in the impact on relationships of fossil and extant taxa ("Cetacea 2" with more influential living taxa; "Cretaceous teiids" and "snakes 2" with more influential fossils). Moreover, even if (under some circumstances) fossils have enhanced impact in part because they are closer to the root, this placement is part of what makes them intrinsically valuable (Huelsenbeck, 1991; Wills and Fortey, 2000) .
Fossils Are Closer to Their Nearest Phenetic Neighbors Than Extant Taxa
The taxa that differ most in their codings from the other taxa in a matrix might be expected to have the greatest impact on relationships, CI', tree number, and strict consensus resolution upon their inclusion/exclusion. We might also expect fossil and extant taxa to have nearest neighbors with differing proximities. This seems especially likely where a small number of token fossils have been coded in a matrix of predominantly extant taxa, or vice versa. A group with much denser taxon sampling (which correlates with the densest sampling of morphology) should also contain the taxa with the nearest phenetic neighbors. Mean pairwise character distances between taxa were calculated in PAUP, preserving any orderings and weightings used by the original authors, and adjusting for missing data by averaging over only those character comparisons scored as not missing for both taxa (online Appendix 1, http://www.systematicbiology.org). Mann-Whitney U tests detected no significant differences within any of the 45 matrices (P < 0.092). However, over all 45 data sets, fossils had closer nearest neighbors than extant taxa on average in 32 cases, with six ties (binomial test, P = 0.000). By contrast, a Wilcoxon matched-pairs test of mean nearest neighbor distances for fossil and living taxa over all data sets demonstrated no significant difference (P = 0.000). This is the opposite result from that predicted on the basis of sampling considerations. The extinct biota is subject to all the biases inherent in the fossil record, whereas all living species can be sampled, at least in principle. However, it is often claimed that fossils are morphologically intermediate between living forms (Briggs and Fortey, 2005) , and this result is consistent with a diverging model of clade evolution in which many extant taxa are morphologically isolated from one another after the winnowing extinction of fossil branches.
Any Taxon Can Have Unpredictable and Pronounced Effects on Relationships
The unpredictable effects of omitting fossils are exemplified in the phylogeny of scalidophoran worms and their allies provided by Dong et al. (2005) . These authors focused on the phylogenetic position of a key fossil find, Markuelia. In their analysis, this worm resolved close to the root in both of two MPTs, but more closely related to all other cephalorhynchs than nematodes, nematomorphs, Ancalagon and possibly Fieldia (Fig. 6a) . Omitting the well-studied fossil priapulid Otfow (Conway Morris, 1977; Wills, 1998b) had the greatest mean impact on topology overall (.RF = 17.8 and D = 8.4). As noted by Dong et al. (2005) , omitting other taxa, particularly the early-branching plesions Fieldia and Ancalagon, also had a marked implact on relationships. Ottoia by contrast is highly derived, and separated from Markuelia by 10 or 11 nodes (only two taxa, Louisella and Scolecofurca, were more distant). Despite a large proportion of missing codings in Ottoia (38% missing or inapplicable), its deletion resulted in an increase from 2 to 85 MPTs. Markuelia (among other taxa) becomes more unstable and the strict consensus is highly unresolved (Fig. 6b) , but in the majority of the 85 MPTs, Markuelia nests much further from the root. This example also illustrates that the mean impact is a conservative index. Maximum impact (the difference between the two most dissimilar trees from the pruned and searched sets following deletion of Ottoia) was much higher (RF = 32, D = 11) (Fig. 6c) . Hence the omission of one taxon has the potential to radically change inferred relationships, influence the position of distantly related taxa, and reduce resolution of consensus trees. Comparison of character change lists for the two most different MPTs from the searched and pruned routes revealed no straightforward reason for the impact of Ottoia. Considering all of our data sets, the most influential taxa are no more or less often fossil than extant (chi-square test for RF yields P = 0.727, and for D yields P = 0.211).
CONCLUSIONS
This study strongly supports the inclusion of fossils in phylogenetic studies. In most respects, the behavior of the fossils in our data sets was similar to that of their extant counterparts. There was no significant difference in the extent to which they were likely to affect inferences of relationships (measured by their impact on two indices of tree distance), numbers of MPTs, resolution of strict consensus trees, and levels of homoplasy (measured using the CI' and RI). The only detrimental effect was that fossils were significantly more likely to reduce overall support for the tree than extant taxa, although the difference was not great.
Systematists routinely make subjective decisions regarding the sampling of taxa in their analyses. There are many valid reasons why some taxa should be included and others omitted. The most often cited are schemes that sample "typical" or plesiomorphic representatives of all the putative monophyla of interest, those that sample "typical" or plesiomorphic representatives of groups at some arbitrary taxonomic level, and those that attempt to sample uniformly morphological diversity. All are justifiable. However, we find no reason why the data from fossils should be singled out a priori as inferior: indeed, the inclusion of fossil species may actually help to satisfy some of the above criteria. We also note that our results came from a sample of matrices that already included fossil taxa. These, by definition, derived from a subset of practitioners who already considered fossils in their taxon sampling schemes. It does not follow that fossil and extant taxa will always have a comparable impact when added to all data sets. Most matrices produced by neontologists are intended to offer reasonably even sampling (however defined) of the extant biota, but include no fossils. These are progressively less likely to be affected by the addition of more extant terminals as the taxon sampling density increases. The addition of small numbers of fossil taxa, by contrast, is much more likely to sample an otherwise overlooked branch of the tree of life.
Each taxon should be considered individually, and omitted from analyses only if it can be demonstrated to introduce particular problems. Taxa should not be omitted a priori because of characteristics that they supposedly possess by dint of being members of particular groups. Of the several valid reasons for omitting particular taxa, all apply to extant as well as fossil forms. The most commonly cited is where the number or distribution of missing data codings in a taxon is such that its inclusion prohibitively extends search times, increases numbers of optimal trees, or otherwise obfuscates well-supported relationships. Simulations have demonstrated that the proportion of missing codings is less critical in this regard than the number of characters actually coded (Wiens, 2005 (Wiens, ,2006 . Moreover, even large proportions of missing data need not result in spurious inferences of relationships (Wiens, 2003a (Wiens, , 2003b Wiens et al., 2006) In some cases the excluson of taxa can be justified when it is clear from their lack of unique combinations of character states that their inclusion cannot alter the parsimonious interpretation of relationships among the other taxa (Wilkinson, 1995) . More generally, methods commonly used for measuring support, such as bootstrapping and decay analysis, can be extended using reduced consensus methods to overcome any obfuscatory effect of particular taxa, whether they are fossil or extant (Wilkinson, 1996; Wilkinson et al., 2000) . Our results suggest that such methods should be explored when resolution or support appears poor as an alternative to excluding particular taxa.
A related but potentially more damaging issue is where the states of many of the coded characters are open to multiple interpretations. This can either happen when the study material is indistinct or fragmentary, or where the homology of structures is particularly unclear (e.g., Dunlop and Arango, 2005; Glenner et al., 1995) . Frustratingly, the more unusual and interesting the material, then the greater the temptation to overinterpret in order to place the taxon phylogenetically (Briggs and Fortey, 2005) . The dangers of introducing combinations of characters that do/did not, in fact, exist are potentially much greater than those of incorporating missing data (Wagner, 2000) . Evaluating putative homologies can be problematic for both fossil and living taxa (Richter, 2005) . Admittedly, implementing the usual "tests" for homology can become more difficult as the morphological difference between species increases, and some of the oldest fossils do indeed attract controversy in this regard (Brasier and Antcliffe, 2004; Budd and Jensen, 2000; Chen et al., 2004; Ramskold, 1992) . The very oldest metazoan fossils are separated from their living descendants (or the last common ancestor of both) by, perhaps, 600 million years (Newman et al., 2006 ) (or 600 million years "worth" of evolution). However, because the majority of phyla are recognizable by the Middle Cambrian at the latest (Conway Morris, 2006; Marshall, 2006) , the living representatives of different phyla will have diverged and evolved independently for at least 513 million years (or around 1 billion years "worth"), and possibly much longer (Blair and Hedges, 2005) . Clearly, time does not correlate simply with morphological difference or the difficulty of establishing homologies, but by the same token, neither does the age of a particular fossil. Neontologists have all the molecular and developmental techniques of "evodevo" at their disposal, and these offer impressive tests of homology at a variety of levels (Rutishauser and Moline, 2005; Jager et al., 2006) . However, such approaches are not a panacea (Cracraft, 2005) , and their application is typically uncommon relative to the number of characters. Neither are problems of homoplasy limited to morphological data (Brocchieri, 2001) .
Another possible justification for omitting particular taxa is when the developmental stage of material is uncertain. Because there may easily be fewer adults than earlier life history stages in a stable population, species known from small numbers of specimens are quite likely to be juveniles. If juveniles are coded as adults (or vice versa), ontogenetic character change can be conflated with evolutionary change, and this may yield spurious relationships. Problems of this kind are less frequent for most extant taxa, because the juvenile forms of common extant species can help to determine whether rarer living material represents juveniles or not (e.g., the hemichordate Planctosphaera pelagica [Hart et al., 1994] , the gastropod Balea costigera [Preece and Gittenberger, 2003] , and the ephemeropteran Behningia baei [McCafferty and Jacobus, 2006] ). By contrast, specialists may disagree over the ontogenetic status of even reasonably abundant ancient fossil material because there are no closely related species with known developmental histories with which to compare them (e.g., several Cambrian crustaceans [Schram, 1986; Walossek and Muller, 1992] ). We suggest that such taxa should be included experimentally, and if their impact on inferred relationships is significant, results should be published both with and without them (Wills, 1998a) .
Many authors have highlighted the importance of adequate taxon sampling in attempts to answer the deepest (and most interesting?) phylogenetic questions (e.g., Graybeal, 1998; Poe, 1998; Hillis et al., 2003; Pollock et al., 2002; Rydin and Kallersjo, 2002; Zwickl and Hillis, 2002; Lee, 2005) . The inclusion of fossils is the only way to sample morphological change in many parts of the tree of life, 764 SYSTEMATIC BIOLOGY VOL. 56 and their contribution may be vital for breaking up long branches (Wills and Fortey 2000; Wiens, 2005) . Fossils are also unique in providing snapshots of morphology from closer in time to the cladogenetic events that systematists attempt to reconstruct (Smith, 1998) . As our examples confirm, the omission/inclusion of any taxon can have a marked impact on phylogenetic hypotheses. We therefore recommend that fossils should be treated in the same way as any other taxa: omitting them only where there is specific justification and not merely because they are extinct.
